Analysis of the 2.4-Å resolution crystal structure of the large ribosomal subunit from Haloarcula marismortui reveals the existence of an abundant and ubiquitous structural motif that stabilizes RNA tertiary and quaternary structures. This motif is termed the A-minor motif, because it involves the insertion of the smooth, minor groove edges of adenines into the minor groove of neighboring helices, preferentially at C-G base pairs, where they form hydrogen bonds with one or both of the 2 OHs of those pairs. A-minor motifs stabilize contacts between RNA helices, interactions between loops and helices, and the conformations of junctions and tight turns. The interactions between the 3 terminal adenine of tRNAs bound in either the A site or the P site with 23S rRNA are examples of functionally significant A-minor interactions. The A-minor motif is by far the most abundant tertiary structure interaction in the large ribosomal subunit; 186 adenines in 23S and 5S rRNA participate, 68 of which are conserved. It may prove to be the universally most important long-range interaction in large RNA structures.
I
t is well known that single-stranded RNAs fold back on themselves to form short, double-stranded helices that are stabilized primarily by Watson-Crick and GU wobble base pairs. In recent years, as increasing numbers of RNA structures have been determined, additional, rarer elements of RNA secondary structure (1, 2) have been identified such as tetraloops (3, 4) , bulged-G motifs (5-7), and cross-stand purine stacks (5, 7, 8) .
Less is known about the ways RNAs with complex secondary structures fold to form RNA tertiary structure because few of the RNA structures known previously were large enough to have sufficient tertiary structure to analyze that problem. In contrast, the recently determined structures of the large ribosomal subunit from Haloarcula marismortui (9, 10) and the small ribosomal subunit from Thermus thermophilus (11, 12) contain a large number of long-range interactions between regions of RNA that are distant in the secondary structure. The Ϸ3,000 nt of the two RNAs of the large ribosomal subunit form a compact structure stabilized by tertiary interactions between secondary structure elements that include about 100 double helical stems. The structure of this large polyanion is stabilized, in part, by interactions with metal ions and proteins, which will be discussed elsewhere. Here we address the interactions occurring between and among RNA helices and single strands that stabilize RNA tertiary and quaternary structure.
Methods
For our study, each adenosine residue in the structure of the H. marismortui 23S rRNA (Protein DataBank entry 1FFK) was assessed for occurrences of A-minor interactions by using the graphics program O (13) . A-minor interactions were selected based on the following predetermined geometric criteria. The C2 atom of the adenosine had to be within 3.7 Å of one of its neighboring atoms. The interacting atom had to lie within 45°of the adenine plane. Finally, the C2 face of the adenosine had to pack against the minor groove side of the receptor RNA. The surface accessibilities of the bases were measured by a 1.7-Å radius probe sphere according to Lee and Richards (14) by using CNS (15) and were further averaged and normalized against the surface accessibilities of individual bases in a regular A-form helix (Protein DataBank entry 1SDR, excluding terminal residues and interhelical crystal packing). Figures were generated by using the graphics programs BOBSCRIPT (16) , RIBBONS (17) , and SPOCK (18) .
Results and Discussion
Base-Pairing Stabilizes 23S rRNA Tertiary Structure. Base pairs between remote nucleotides contribute significantly to the stabilization of RNA tertiary structure in the large ribosomal subunit, as was anticipated from phylogenetic analyses of rRNA sequences (19, 20) . The long-range base-pairings in the 23S rRNA of H. marismortui have been catalogued (9) , and they include base pairs and base triples of many different kinds. The number of hydrogen bonding interactions between bases that are remote in the secondary structure is about 100. The exact number depends on the criteria used to distinguish secondary from tertiary interactions.
A-Minor Motifs Are More Abundant than Tertiary Base Pairs. The interaction we term the A-minor motif, because it involves adenines inserted into the minor grooves of RNA helices, is more abundant and may be of even greater significance than basepairing in stabilizing RNA tertiary structure. In RNA, as in proteins, residues are highly conserved either because they are critical for function or because they are intimately involved in specifying tertiary structure. Examination of the RNA in the 50S subunit reveals that A residues are by far the most abundant of the conserved nucleotides involved in tertiary structure interactions. It had been realized earlier, when the first 23S rRNAs were sequenced, that A residues are more abundant than other bases in 23S rRNA sequences not involved in regular helix formation and that many of these nonbase-paired As are conserved (20, 21) . It is these conserved As in irregular regions that engage in A-minor motif interactions. Indeed, 186 of the 721 adenine bases in H. marismortui 23S rRNA and 68 of its 106 As that are Ͼ95% conserved interact with RNA minor grooves via their N1-C2-N3 edges, which are smooth because they lack the exocyclic atoms of other bases (Table 1 ; Fig. 1 a and b) .
The four RNA residues differ significantly in their solvent accessibility, in the large subunit, and adenine bases are once again unusual, as are uracils, reflecting their roles in the formation of RNA tertiary structure (Table 2) . When the average solvent-accessible surface area of the individual bases in the large ribosomal subunit is calculated by using a 1.7-Å probe sphere and compared with their accessibility as free nucleotides or when a part of regular duplex structures, it is found that U residues are much more likely to be solvent-exposed than are A, G, and C residues, and 21% of all uracil bases have at least one unstacked face. Further, the uracil bases of the RNA structure of the large ribosomal subunit exhibit an average potential solvent accessibility that is 40% larger than their accessibility in a regular RNA helix. These statistics and their frequent location at the ends of helices suggest that Us may serve as helix breakers in large RNAs. A, G, and C residues are approximately equally well buried, and on average the solvent accessibility of these bases in the protein-free RNA structure is close to what it is in an A-form helix. Adenine bases are the most buried bases of all, on average, in the fully assembled subunit, which might be considered surprising given their overrepresentation in singlestranded regions. The reason As are so well protected from solvent, on average, is that many of them that occur in irregularly structured sequences are involved in the A-minor tertiary interactions and in protein-RNA contacts.
There Are Four Variants of the A-Minor Motif. In the A-minor motif, the ribose-phosphate backbone of the adenosine is closer to that of one strand of the receptor helix than the other, and the orientation of that near strand is necessarily antiparallel to that of the strand to which the A belongs. Four versions of the motif can be identified that differ with respect to the position of the O2Ј and N3 atoms of the A residue relative to the O2Ј atoms of the base pair in the receptor helix. In the type I version of the motif (Fig. 1c) , both the O2Ј and the N3 of the adenine residue are inside the minor groove of the receptor, which optimizes the fit of the adenine in the minor groove and maximizes the number of hydrogen bonds that can form. In the type II version of the motif, the O2Ј of the A is outside the near strand O2Ј whereas the N3 of the A is inside. The type III form of the motif is characterized by a placement of the A that puts both its O2Ј and N3 outside the near strand O2Ј. A fourth, rarer, version of the motif is also encountered, type 0, in which N3 of the adenine is outside the O2Ј of the far strand. Type 0 and type III interactions are neither particularly A-specific nor selective with respect to receptor base pair. The type 0 motif is not base-specific because it is the ribose of the inserted residue that fills the minor groove of the receptor helix, not the base, and because the Watson-Crick faces of all bases include groups that can hydrogen-bond to 2ЈOH groups; the type III interaction is not A-specific either. Nevertheless, in both type 0 and type III motifs, inserted bases tend to pack against receptor riboses, and that contact is optimized when the base is an A. In contrast, both the type I and type II A-minor motifs are highly specific for adenine bases. Only As are able to fit snugly into minor grooves and hydrogen-bond with minor groove groups optimally. They have a strong preference for C-G receptor base pairs, which provide an optimal complementarity in shape and hydrogen bonds (Table 1; Fig. 1c) .
The packing orientations between helices stabilized by type I and II A-minor interactions show large variation in the interhelical angles (Fig. 2a) for two reasons. First, the adenine base and the base pair with which it interacts can depart from coplanarity by as much as 45 o . Second, the minor groove edge of adenines can be presented to receptor helices in many different ways. They can be components of sheared GA or reverse Hoogsteen AU base pairs, for example, or be a bulged base or components of terminal loops. They are usually not forming Watson-Crick base pairs. For comparison, another reoccurring motif of helix-helix interaction, albeit much less frequent, leads to the packing of ordinary base-paired helices at a fixed interhelical angle of about 80 o . This angle is required to allow the placement of the backbone from one helix in the minor groove of the other. Thus, this motif is sequence independent, but it requires the secondary structure of a base-paired helix instead. The base-paired nucleotide whose backbone atoms pack into the minor groove of the other helix in this specific arrangement are positioned in a way that corresponds to the type 0 interactions of adenosines in the A-minor motif. A-minor motifs are also common in loop-helix interactions (Fig. 2b) , helix junctions, and places where sharp changes in backbone direction occur. There are even examples of single strands that stabilize the association of two distant helices through A-minor interactions (Fig. 2c) .
A-Minor Motifs Often Cluster.
Adenines involved in A-minor interactions often stack on other As that are similarly engaged to form what we call A patches. The number of As in an A patch that belongs to the same RNA strand seldom exceeds three, and as a general rule, the A-minor interactions formed by such a run Numbers in parentheses refer to the occurrences in the 50S structure. *Relative solvent accessibility of bases in the folded 23S and 5S RNA, excluding proteins and solvent molecules. † Relative solvent accessibility of bases in the assembled 50S particle, excluding solvent molecules. of As decrease in type order going from the 5Ј to 3Ј direction. Thus as we see in Fig. 3a , the first A in a three-adenosine patch makes a type III interaction with the receptor helix, the second makes a type II, and the third forms a type I interaction. A patches longer than three residues usually are generated by As emanating from the two strands of the same helical element that are stacked on each other (Fig. 2a) . The type order of the interactions in such a stack is low in the middle and high at its ends; in the example shown in Fig. 2a the interactions are in succession: type II, I, I, II. The stacking interaction between adenosines in the center of such a patch is necessarily a crossstrand purine stack.
Helical RNAs that include sheared GAs followed by reverseHoogsteen UA pairs include cross-strand A stacks (5, 7, 8) . Commonly they interact with distant secondary structure elements by using A-minor motifs. The loop E region of H. marismortui 5S rRNA includes such a motif, and the A patch it generates makes A-minor interactions with helix 38 from domain II of 23S rRNA (Fig. 3b) . As it happens, helix 38 contains an A-rich bulge close to the place where it interacts with the 5S A-patch, and the As in that bulge form an A patch that makes reciprocal interactions with 5S rRNA. The resulting helix-helix interaction involving six As (Fig. 3b) is the only 5S rRNA interaction with 23S rRNA of any consequence.
A-Minor Motifs Are Common in All Large RNAs. A-minor motifs are not unique to 23S and 5S rRNAs. For example, the A platformmediated GAAA tetraloop-tetraloop receptor interaction and the ribose zipper motifs reported in the P4-P6 domain of the Tetrahymena self-splicing ribozyme (22) include A-minor motifs. We note that there are only two A platforms in the large ribosomal subunit of H. marismortui, neither of which are conserved; however, there are several examples of GAAA tetraloop interactions with helices through A-minor interactions. A-minor motifs are also present in the hepatitis delta virus ribozyme (23) and in the RNA fragment that binds L11 (24) .
A-Minor Motifs Are Functionally Significant. A-minor motifs appear in functionally important interactions and are structurally important. In our study of the interaction of peptidyl transferase substrate analogues with the ribosome (10) (Fig. 4a) we have observed that analogues of the 3Ј terminal A of tRNA bound to the A site form a type I interaction with the G2618-U2541 base pair in 23S rRNA (U2506-G2583 in Escherichia coli). Similarly, analogues of the 3Ј terminal A of tRNA bound to the P site make a type I interaction with A2485-C2536 (A2450-C2501 in E. coli). This may explain, at least in part, why the 3Ј terminal residue of all tRNA molecules is always an A.
There are five A patches in other functionally interesting locations on the surface of the large ribosomal subunit, some of which may interact with RNAs or proteins. One is located in helix 89 (A2504, A2417; E. coli A2469, A2482) in the active site cleft. In the model we have proposed for tRNA interactions with the large subunit, this patch packs against the T stem of a tRNA bound to the A site in a way that allows A-motif formation. Interestingly, the same region of the T stem is recognized by EF-Tu in EF-Tu-tRNA complexes (25, 26) . Two A patches, A806, A807 and A808 at the end of helix 34 (E. coli A715, A716, C717) and A1767, A1778, A1779 in helix 62 (E. coli A1689, A1700, A1701) are likely to contact the 30S subunit in the 70S ribosome (27) . Interactions such as those shown in Fig. 2b might occur in these cases. The end of the sarcin-ricin loop, which is critical for factor binding to the ribosome, is the fourth such A patch, and the fifth is found inside the tunnel.
The A patches in the sarcin-ricin loop and in the tunnel are likely to interact with protein, not RNA, and there are numerous examples in the large ribosomal subunit of conserved A patches that do indeed form part of binding sites for proteins. The N-terminal domain of L6, for example, binds to the A patch formed by A2783, A2784, A2792, and A2793 in helix 97 (E. coli A2748, A2749, A2757, A2758) and its C-terminal domain interacts with an A patch consisting of A2694 and A2702 (E. coli A2657, A2665) in the sarcin-ricin loop at the end of helix 95 (Fig.  4b) . In addition, L3, L15, L18, L22, L24, L37e, and L37ae all interact with conserved A patches. Perhaps unexpectedly, the interactions of proteins with A patches are all idiosyncratic; each protein does it a different way.
While this manuscript was in preparation, V. Ramakrishnan and coworkers (12) reported the existence of the adenosine interactions we call A-minor motifs in the 30S ribosomal subunit and noted their structural and functional importance. Their observations provide strong support for the universality of the A-minor motif and its importance in stabilizing both tertiary and quaternary structures of RNA.
Conclusions
The abundance of A-minor motif interactions in the 50S ribosomal subunit as well as the extensive conservation of the nucleotides involved implies that these interactions are of paramount importance in stabilizing the tertiary structure of globular RNA folds. Thermodynamic studies of the contribution of adenosine interactions in the minor groove of the P4-P6 domain of the Tetrahymena group I ribozyme indicate that they do in fact contribute significantly to the free energy of stabilization (28) . It is likely that the stability of A-minor interactions, particularly the type I interaction, arises from the tight packing of the A into the minor groove of a C-G base pair. The high degree of phylogenetic conservation of both the As and the G-C base pairs with which they interact as well as the significance of the A-minor interactions in specifying the globular fold of rRNA lead us to wonder whether their existence could be identified in other RNA sequences and thus predict the tertiary fold of those RNAs.
Note Added in Proof.
A-minor interactions between adenines in 16s rRNA and the helix formed when mRNA codons interact with tRNA anticodons have been implicated in the decoding mechanism (30).
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